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RELATIONSHIP BETWEEN LIGHT INDUCED EPR SIGNAL 
AND PIGMENT P700 

Helmut B e i n e r t  and B e s s e l  Kok fiy ik;a" 
Q h okos$w-;- lye= h I ,& * T i y b  5- RC r d d  1'6 
/ q b 3  1 3 8 -  t 3 7 . t . a  

I n  two p r e v i o u s  communications (1,2) w e  have r e p o r t e d  ob- 
s e r v a t i o n s - o n  t h e  narrow (-8 gauss)  EPR s i g n a l  induced by 

known as s i g n a l  I (Ref. 3 )  or s i g n a l  I1 (Ref. 4) and r a p i d l y  
decaying or ItRtt s i g n a l  (Ref. 5 ) .  The f i r s t  paper (1) de- 
s c r i b e d  p r o p e r t i e s  o f  t h e  s i g n a l  observed i n  a p r e p a r a t i o n  o f  
t h e  r e d  alga s t r a i n  TX 27 t h a t  w a s  l a r g e l y  deprived o f  phyco- 
b i l i n  and e n r i c h e d  i n  11P700t' by p a r t i a l  e x t r a c t i o n  o f  t h e  
c h l o r o p h y l l  u s i n g  72% ace tone  ( 6 ) .  The s i g n a l  appeared on 
i l l u m i n a t i o n  a t  room or l i q u i d  n i t r o g e n  temperature  or a f t e r  
chemical  o x i d a t i o n  by E S ~ S  of  f e r r i c y a n i d e .  Double i n t e g r a -  
t i o n  o f  t h e  d e r i v a t i v e  s i g n a l  i n d i c a t e d  a Concentrat ion o f  
s p i n s  n e a r l y  i d e n t i c a l  t o  t h e  c o n c e n t r a t i o n  o f  P700 as d e t e r -  
mined by d ' f f e r  nce spec t roscopy assuming a molar e x t i n c t i o n  
o f  10-5 M-ixcm-f and complete b l e a c h i n g  i n  t h e  photoac t .  A 
second e x t r a c t i o n  o f  t h e  a l g a l  p r e p a r a t i o n ,  now w i t h  80% i n -  
s t e a d  o f  72% ace tone ,  removed t h e  EPR s i g n a l  a s  w e l l  as t h e  
d i f f e r e n c e  s p e c t r o s c o p i c  s i g n a l  a t  700 mu. We concluded t h a t  
t h e s e  r e s u l t s  could  be most r e a d i l y  expla ined  i f  t h e  photo- 
o x i d i z e d  form o f  P700 w a s  r e s p o n s i b l e  f o r  t h e  narrow, fast 
decaying EPR s i g n a l  i n  photosynthes is .  

1 l i g h t  i n  p h o t o s y n t h e t i c  materials. ( T h i s  s i g n a l  is a lso  

The second paper  ( 2 )  r e p o r t e d  o b s e r v a t i o n s  w i t h  whole 
c e l l s  of t h e  blue-green a l g a  Anacyst is  at room temperature .  
The  r e l a t i v e  s t r e n g t h  of t h e  narrow EPR s i g n a l  was measured 
as a f u n c t i o n  of i n t e n s i t y  of  e i t h e r  one or both o f  two wave- 
l e n g t h s :  630 mu absorbed by phycocyanin and q u i t e  e f f e c t i v e  
i n  provoking p h o t o s y n t h e s i s  and 710 mu absorbed by ( l o n g  
wave) c h l o r o p h y l l  and r a t h e r  i n e f f e c t i v e  i n  provoking photo- 
s y n t h e s i s .  The EPR s i g n a l  showed t h e  same behavior  as t h e  
o x i d i z e d  form o f  P7OO which w a s  observed e a r l i e r  s p e c t r o -  
s c o p i c a l l y  (7):  
i n  provoking t h e  EPR s i g n a l  than  s h o r t  wavelengths, or a 
combination o f  t h e  two l i g h t s .  These d a t a  t h e r e f o r e  a l s o  
i n d i c a t e d  t h e  p o s s i b l e  i d e n t i t y  o f  t h e  EPR s i g n a l  w i t h  o x i -  
d i z e d  P7OO, presumably t h e  o x i d i z e d  moiety genera ted  i n  t h e  . l o n g  wave p h o t o r e a c t i o n  of photosynthes is .  S ince  i ts  reduc- 
t i o n  r e q u i r e s  t h e  reduced moiety genera ted  i n  t h e  s h o r t  wave 
photoac t ,  P700' t e n d s  t o  accumulate i n  t h e  absence o f  t h e  
s h o r t  wave l i g h t .  

Long wave l i g h t  proved much more e f f e c t i v e  

I 
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Weaver and Bishop (8 )  r e c e n t l y  f a i l e d  t o  observe  t h e  nar -  
row EPR s i g n a l  i n  a Scenedesmus mutant (HI. S p e c t r o s c o p i c  
examinat ion o f  t h i s  a l g a  indeed  d i d  not  r e v e a l  a l i g h t  i n -  
duced b l e a c h i n g  o f  P700 (9). 

S p e c t r o s c o p i c  d e t e r m i n a t i o n  o f  P700 revea led  a maximum ab- 
sorbancy change a t  700 mu of  1 u n i t  p e r  300-400 u n i t s  o f  
t o t a l  c h l o r o p h y l l  absorbancy ( a t  -675 mu). Its s o r e t  band 
( a t  432 mu) as w e l l  as i t s  n e a r l y  i d e n t i c a l  s o l u b i l i t y  i n  
o r g a n i c  s o l v e n t s  i n d i c a t e  P700 is a chlorophyl l  2 molecule. 
We assume t h a t  a s p e c i a l  b inding  s i t e  causes  a l o n g  wave 
change o f  i t s  a b s o r p t i o n  band and u n d e r l i e s  i t s  f u n c t i o n  as 
a photoconver te r .  This  assumption a s s i g n s  t o  P700 a molar 
e x t i n c t i o n  c o e f f i c i e n t  s i m i l a r  t o  t h a t  of c h l o r o p h y l l 2  
-105 i n  v ivo) .  

A second assumption: t h a t  complete b leaching  o c c u r s  i n  
t h e  photoac t  y i e l d s  a r a t i o  o f  one t r a p p i n g  c e n t e r  p e r  300- 
400 s e n s i t i z i n g  c h l o r o p h y l l  molecules--in good agreement w i t h  
measurements o f  t h e  "photosynthe t ic  u n i t "  ( 1 0 , l l ) .  

I f  t h e  o x i d i z e d  form o f  P700, P700+, which is formed i n  
t h e  l o n g  wavelength photoac t ,  were i d e n t i c a l  w i t h  t h e  free 
r a d i c a l  s p e c i e s  observed by EPR, t h e  q u a n t i t a t i v e  r e l a t i o n -  
s h i p ,  between t h e  number of  s p i n s  r e p r e s e n t e d  by t h e  EPR 
s i g n a l  and t h e  amount o f  P7OO d e t e c t e d  o p t i c a l l y ,  which w e  
observed i n  a p r e l i m i n a r y  experiment (11, should  hold  r a t h e r  
g e n e r a l l y  f o r  p h o t o s y n t h e t i c  m a t e r i a l s  ar,d fur thermore ,  t h e  
k i n e t i c s  o f  appearance and disappearance of t h e  EPR s i g n a l  
should  match t h a t  o f  t h e  t y p i c a l  absorp t ion  band of P700. 

I n  t h e  p r e s e n t  work w e  undertook a d i r e c t  approach at 
q u a n t i t a t i o n  o f  t h e  number o f  s p i n s  represented  by t h e  l i g h t  
induced E P R  s i g n a l  and t h e  amount o f  ch lorophyl l  and P7OO 
p r e s e n t  i n  a v a r i e t y  of  m a t e r i a l s .  Knowledge of  any c o n s i s t -  
e n t  q u a n t i t a t i v e  r e l a t i o n s h i p s  would obviously be of  i n t e r e s t ,  
even if t h e  EPR s i g n a l  were n o t  due to P700+ i t s e l f  or a 
c l o s e l y  a s s o c i a t e d  e l e c t r o n  car r ie r  or t rap.  

We were aware d u r i n g  t h e  course  of  t h i s  work t h a t  q u a n t i -  
t a t i o n  o f  EPR s i g n a l s  is b e s e t  wi th  many d i f f i c u l t i e s ,  t h a t  
w e  had t o  m a k e  c e r t a i n  assumptions,  which are n o t  r e a d i l y  
amenable t o  exper imenta l  v e r i f i c a t i o n ,  and t h a t  a d e f i n i t i v e  
i d e n t i f i c a t i o n  o f  t h e  component r e s p o n s i b l e  f o r  t h e  EPR s i g -  
n a l  could n o t  be expected from o u r  approach. The EPR d a t a  
were eva lua ted  on t h e  assumption t h a t  the l i g h t  induced f r e e  
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r a d i c a l  s p e c i e s  are f u l l y  d e t e c t a b l e  by EPR and t h a t  no 
i n t e r a c t i o n s  i n t e r f e r e  wi th  t h i s  d e t e c t a b i l i t y .  

The c o n c e n t r a t i o n  o f  unpai red  e l e c t r o n s  w a s  measured by 
EPR spec t roscopy  a t  ambient and low (-50' t o  -70") tempera- 
t u r e  as w i l l  be  desc r ibed  i n  d e t a i l  e lsewhere (12). For t h e  
exper iments  a t  room tempera ture  a double  c a v i t y  w a s  used, 
which h e l d  bo th  sample and s t a n d a r d  i n  matched f l a t  c e l l s .  
A benzene s o l u t i o n  of  d ipheny lp ic ry lhydrazy l  (DPPH) w a s  used 
a s  a s t a n d a r d  a t  room tempera ture  and a p i t c h  sample i n  K C 1  
and n i t r o s y l d i s u l f o n a t e  i n  KOH a t  l o w  temperature .  The 
e tLzdards  as w e l l  as t h e  i n t e g r a t i o n  procedure used were 
c r o s s  checked. Condi t ions  vers chnsen t h a t  s a t u r a t i o n  o f  t h e  
EPR s i g n a l s  w i th  microwave power d i d  not  occur  or w a s  s u f -  
f i c i e n t l y  s m a l l  t h a t  i t  could  be  cor rec ted .  I n  o r d e r  t o  
ensu re  s a t u r a t i o n  o f  t h e  pigment suspens ion  w i ~ n  l i g h t ,  i.e. 
m a x i m a l  s i g n a l  development, t h e  s i g n a l  ampli tude o f  s e r i a l  
d i l u t i o n s  o f  t h e s e  suspens ions  w a s  measured u n t i l  a l i n e a r  
r e l a t i o n s h i p  between s i g n a l  ampli tude and concen t r a t ion  w a s  
observed.  The double  i n t e g r a t i o n  o f  t h e  d e r i v a t i v e  s i g n a l s ,  
which r e s u l t e d  i n  t h e  q u a n t i t a t i v e  estimate of unpa i r ed  spins ,  
w a s  based on s i g n a l s  ob ta ined  i n  t h i s  l i n e a r  reg ion .  Values  
were a l s o  observed in t h e  da rk  and a f t e r  a d d i t i o n  of f e r r i -  
cyanide.  The va lue  ob ta ined  wi th  f e r r i c y a n i d e  can i n  many 
c a s e s  s e r v e  as a c o n t r o l  for l i g h t  s a t u r a t i o n  and m a x i m a l  
s i g n a l  development, as t h e  c o n c e n t r a t i o n  o f  unpai red  elec- 
t r o n s  produced by an excess  of t h i s  ox idan t  is e i t h e r  very  
similar t o  t h a t  ob ta ined  on i l l u m i n a t i o n  under s a t u r a t i n g  
c o n d i t i o n s  o r  l a r g e r .  Only m a t e r i a l s  were s e l e c t e d  f o r  s tudy  
i n  which ove r l app ing  s i g n a l s  (broad  s i g n a l ,  20 gauss ,  slow 
decaying or rcStl s i g n a l ,  and Mn (11)  s i g n a l )  were absen t  or 
s m a l l .  Overlap,  when occur r ing ,  w a s  cor rec ted .  

R e s u l t s  o b t a i n e d  under s a t i s f a c t o r y  experimental  condi- 
t i o n s  are summarized i n  t h e  t a b l e .  The last  v e r t i c a l  column 
g i v e s  t h e  c a l c u l a t e d  r a t i o  o f  unpa i r ed  s p i n s  p e r  P700. Most 
va lues  c l u s t e r  around a r a t i o  of  2 ,  a l though t h e  low tempera- 
t u r e  exper iments  on t h e  TX 27 p r e p a r a t i o n s  m.d t h e  exper i -  

exp lana t ion  f o r  t h e  h igh  va lues  ob ta ined  a t  low tempera ture .  
Although a d i f f e r e n t  s t a n d a r d  ( p i t c h )  w a s  used a t  low temper- 
a t u r e  than  a t  room tempera ture ,  a comparison o f  bo th  s t and-  
a r d s  gave e x c e l l e n t  agreement. It i s  l i k e l y  t h a t  t h e  h igh  
va lues  ob ta ined  for whole Anacys t i s  and t h e  same p r e p a r z t i o n  
a f t e r  sound t r ea tmen t  a re  due t o  o v e r l a p  of  t h e  narrow EPR 
s i g n a l  w i th  t h e  broad  l i g h t  induced EPR s i g n a l  i n  such 

* ments on Anacys t i s  y i e l d e d  h i g h e r  r a t i o s .  We have no 
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complex p r e p a r a t i o n s .  
b a s i s  of  t h e  dark  s i g n a l s  observed a f t e r  i l l u m i n a t i o n ,  t h i s  
c o r r e c t i o n  is  not  e n t i r e l y  s a t i s f a c t o r y  as the  broad s i g n a l  
is  more i n t e n s e  du r ing  i l l u m i n a t i o n .  In t he  last two l i n e s  
d e t e r m i n a t i o n s  on chromatophores from Rhodospir i l lum rubrum 
a r e  r epor t ed .  S ince  P700 i s  n o t  a c o n s t i t u e n t  o f  these 
organisms only t h e  r a t i o  o f  b a c t e r i o  ch lo rophy l l  [determined 
acco rd ing  t o  (1311 t o  unpai red  s p i n s  i s  given. Approximately 
3% of t h i s  ch lo rophy l l  are thought  t o  r e p r e s e n t  a photocon- 
v e r i e r ,  P890, similar t o  P700. On t h i s  b a s i s  a s p i n  p e r  P890 
r a t i o  o f  0.4 t o  0.3 wviild be obta ined .  

Although o v e r l a p  w a s  c o r r e c t e d  on t h e  

We a r e  aware t h a t  ou r  exper iments  cannot p rov ide  a f ina l .  
d e c i s i o n  or an i d e n t i f i c a t i o n  o f  t h e  narrow l i g h t  induced EPR 
s i g n a l ;  t h e y  could a t  b e s t  r u l e  o u t  or make appear  p l a u s i b l e  
c e r t a i n  p o s s i b l e  i n t e r p r e t a t i o n s .  In asses s ing  t h e  s i g n i f i -  
cance o f  t h e  va lues  w e  ob ta ined ,  two p r i n c i p a l  c o n s i d e r a t i o n s  
are p e r t i n e n t :  The f i r s t  i s  conserned with t h e  accuracy  o.f 
our q u a n t i t a t i o n  procedures  and t h e  second wi th  t h e  q u e s t i o n  
of  whether  all radicals and r a d i c a l  s p e c i e s  formed i n  t h e  
i l l u m i n a t e d  samples were, i n  f a c t ,  de t ec t ed  by EPR. 

To t h e  f i r s t  p o i n t  w e  can s a y  t h a t  use o f  t h e  double  sam- 
p l e  c a v i t y  and c a r e f u l l y  matched c e l l s ,  t h e  u s e  of independ- 
e n t l y  s t a n d a r d i z e d  s t anda rds ,  a t t e n t i o n  t o  t h e  c o n d i t i o n s  of  
s a t u r a t i o n  wi th  l i g h t  and microwave power and t h e  cons i s t ency  
of  t h e  r e s u l t s  ob ta ined  i n  t h e  de te rmina t ions  a t  bo th  room 
and low tempera ture ,  make i t  very un l ike ly  t h a t  g r o s s  e r r o r s  
were committed. Neve r the l e s s ,  i n  view o f  t h e  u n c e r t a i n t i e s  
i n  t h e  a b s o l u t e  va lues  o f  EPR s t anda rds  and i n  comparison o f  
d i f f e r e n t  m a t e r i a l s ,  w e  t h i n k  t h a t  accumulation o f  e r r o r s  
could  have l e d  t o  v a l u e s  which a r e  i n  e r r o r  by a f a c t o r  of  
2 or 3 .  The cons i s t ancy  o f  t h e  r e s u l t s  i n d i c a t e s  t h a t  t h e s e  
e r r o r s ,  i f  i n c u r r e d ,  are no t  random but  s y s t e m a t i c  and due t o  
c e r t a i n  i n c o r r e c t  assumptions.  

The second p o i n t  o f  concern i s  r e l a t e d  t o  t h e  q u e s t i o n  as 
t o  what type  of  paramagnet ic  s p e c i e s  is i n  f a c t  r e s p o n s i b l e  
for t h e  observed s i g n a l .  The s imples t  assumption, on which 
o u r  exper iments  here  a r e  based,  is  t h a t  a s i n g l e  f r e e  r a d i c a l  
s p e c i e s  a r i s e s ,  which has  a s t r u c t u r e  and environment such  
t h a t  i t  can be q u a n t i t a t i v e l y  de t ec t ed  by t h e  EPR technique.  
However, s i n c e  a one e l e c t r o n  ox ida t ion  produces t h e  r a d i c a l ,  
i t  appea r s  p o s s i b l e  t h a t  a second r a d i c a l ,  formed by t h e  
cor responding  one e l e c t r o n  r educ t ion  ( i n  t h e  extreme case  a 
f r e e  e l e c t r o n )  is s imul taneous ly  generated.  There a r e  no 
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i n d i c a t i o n s  w e  know o f  from t h e  behavior  o f  t h e  observed  EPR 
s i g n a l  t h a t  i t  may r e p r e s e n t  two d i f f e r e n t  spec ies .  Th i s  
would s t i l l  n o t  exc lude  such a p o s s i b i l i t y ,  fo r  which one 
could  s e e  some suppor t  i n  t h e  h igh  r a t i o s  of f r e e  s p i n s  
produced p e r  molecule  of  P700 ( c f .  Table  1). 

A s e r i o u s  o b j e c t i o n  t o  t h e  i n t e r p r e t a t i o n  o f  our expe r i -  
menta l  r e s u l t s  could arise from t h e  p o s s i b i l i t y  t h a t  w e  might 
n o t  be d e t e c t i n g  more than  a f r a c t i o n  o f  t h e  r a d i c a l s  ac tu -  
a l l y  produced. Seve ra l  e x p l a n a t i o n s  could  be g iven  f o r  t h i s .  
We may be d e a l i n g  wi th  t t l i f e t i m e t l  broadening,  i.e., s h o r t  
r e l a x a t i o n  t i m e  o f  t h e  unpa i r ed  e l e c t r o n ;  an  exchange i n t e r -  
a c t i o n  may broaden t h e  l i n e ;  o r ,  i n  case  a f r e e  e l e c t r o n  
were gene ra t ed ,  i t  could be  t r apped  a t  non-equivalent  s i t e s  
and t h e r e f o r e ,  expe r i ence  va ry ing  l o c a l  magnetic i n f l u e n c e s ,  
which would l e a d  t o  l i n e  broadening. Such arguments cannot  

. a t  p r e s e n t ,  be r e f u t e d  on expe r imen ta l  grounds. If they  were 
v a l i d  our va lues  would set  t h e  lower  l i m i t  o f  r a d i c a l  concen- 
t r a t i o n .  

We may then  conclude from our d a t a  i n  t h e  l i g h t  of  t h e s e  
c o n s i d e r a t i o n s  t h a t  t h e  number o f  unpa i r ed  e l e c t r o n s  induced  
by l i g h t  i n  t h e  p h o t o s y n t h e t i c  m a t e r i a l  s tud ied  is  e i t h e r  
c l o s e l y  similar o r  b igge r ,  c e r t a i n l y  n o t  smaller t han  t h e  
amount o f  P7OO p r e s e n t .  It is  of  i n t e r e s t  t o  n o t e  t h a t  o t h e r  
components of  t h e  p h o t o s y n t h e t i c  system i n  p l a n t s ,  have been 
r e p o r t e d  t o  occur  a t  a c o n c e n t r a t i o n  o f  t h e  same range  as 
P7OO and t h e  l i g h t  induced EPR s i g n a l  s t u d i e d  here .  However, 
t h e  metal c o n s t i t u e n t s  of two o f  t hese :  cytochrome f and 
p l a s t o c y a n i n  a r e  c e r t a i n l y  no t  r e s p o n s i b l e  f o r  t h i s  s i g n a l ,  
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Table 1 

Concentrations o f  Chlorophyll, P700 and Detectable Light- 

Induced Free Radicals i n  Various Photosynthetic Materials 

Material 

broken, washed 

TX 27, washed ll0 
acetone extracted -53 2.0 

Anacptis 
whole ce l l s  

Anacystis 
2.7 0.9 3.8 

Chloroplasts 
acetone extracted 1-71 I 24 I 35 I 7 9  

Chloroplasts 
fresh -70 100 
aged 72 

acetone extractea 11:; 1 16 

R. rubrum 25 210 330 
-53 5.3 6.3 

Ratio: Ratio: 

___ 

108 I 1.8 
58 3.3 

45 1.7 

64 
8 4 1  . 
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